The Borrelia genus consists of spirochete bacteria known to cause Lyme disease (LD) and relapsing fever in humans. Borrelia pathogens are commonly transmitted via arthropod vectors such as ticks, mites, or lice. Here, we report the molecular screening of LD group Borrelia sp. from ticks (Acari: Ixodidae) collected from rodents trapped in recreational forests and a semiurban residential area in the Selangor state in Malaysia. Of 156 adult ticks surveyed, 72 ticks were determined as positive for Borrelia sp. by polymerase chain reaction (PCR). All Borrelia PCR-positive ticks belonged to the Ixodes granulatus Supino species. Borrelia sp. was not detected in other tick species examined, including Dermacentor sp. and Amblyomma sp. ticks. Thirteen Borrelia PCR-positive tick samples were selected for further sequence analyses. Phylogenetic analyses of partial flaB gene sequences revealed that the Borrelia sp. were closely related to the LD group borreliae, Borrelia yangtzensis; a novel Borrelia genospecies reported in East Asian countries including Japan, Taiwan, and China. To our knowledge, this is the first report of Borrelia sp. related to Borrelia yangtzensis detected in Malaysia and Southeast Asia. The zoonotic potential of the Borrelia sp. reported here merits further investigation, as it may explain the previously reported serological evidence for borrelial infections in Malaysia.
The Borrelia genus consists of spirochete bacteria that can infect humans or animals to cause diseases. The Borrelia species are commonly classified into the Lyme disease (LD) and the relapsing fever (RF) groups with respect to the human diseases associated with the Borrelia species. These Borrelia species are transmitted to humans or animals via biting arthropods such as ticks, mites, or lice. In the recent years, there has been increasing number of emerging or novel borrelial species being reported, a likely consequence of improved diagnostic and molecular discriminatory techniques (Cutler et al. 2017) . One example is the discovery of an RF group Borrelia sp. from Haemaphysalis ticks from Malaysia, Japan, and Portugal (Lee et al. 2014 , Nunes et al. 2016 , Khoo et al. 2017 . The pathogenic potential of many emerging borreliae is still currently unclear. The existence of these emerging borreliae may confound present serological evidence for the etiological agents of LD or borrelial RF in humans due to the possibility of antigenic cross-reactivities (Saito et al. 2007) . In Malaysia, the only borrelial species reported to date is the RF group Borrelia sp. (Khoo et al. 2017) . Serological studies have pointed to evidence of LD group borrelial infections in a number of febrile patients (Tay et al. 2002) . However, the exact etiological agents for these infections are still unknown.
During 2016-2017, an epidemiological study was conducted to investigate the distribution of rodents and other small mammals, and the associated ectoparasite burden, from areas with reported human leptospirosis in the Selangor state in Malaysia (manuscript in preparation). A number of ticks were collected from rodents and other small mammals trapped at four separate locations as part of this study. The present work screened for the presence of Borrelia in these tick samples by molecular methods, with phylogenetic analyses of the Borrelia-specific DNA sequences.
Materials and Methods
Tick samples used in this study were collected from rodents (Order Rodentia) and other small mammals (Order Scandentia and Insectivora) from three recreational forests (Sungai Congkak, Hulu Perdik, and Ulu Yam) and a semiurban residential area (Kampung Sungai Semungkis) in the Selangor state of Malaysia (3.0738°N, 101.5183° E) from February 2016 to February 2017. After removal from the animal hosts, the ticks were stored in 80% ethanol and transported to the laboratory. The ticks, all adults, were morphologically identified to genus level, and molecularly identified as Ixodes granulatus Supino (male, n = 7, female, n = 122), Dermacentor sp. (all female, n = 24) and Amblyomma sp. (all female, n = 3) using published keys and primers (Kohls 1957 , Yamaguti et al. 1971 , Black and Piesman 1994 . The study was conducted with approval from the Animal Ethical Committee (FST/2016/SHUKOR/18-MAY/750-MAY-2016-SEPT.-2018-AR-CAT2), Universiti Kebangsaan Malaysia, and the Department of Wildlife and National Parks Peninsula Malaysia (JPHL&TN(lP): 100-34t1.24 Jtd 4 (6)). The presence of borrelial DNA in tick samples was investigated using a nested-polymerase chain reaction (PCR) targeting partial sequence of the flagellin (flaB) gene using previously described primers and protocols (Wodecka et al. 2010) . DNA prepared from a tick previously shown to be positive for Borrelia sp. was used as the positive control for the PCR here (Khoo et al. 2017) . Borrelia-positive samples will yield a single amplicon of approximately 600 bp when visualized with gel electrophoresis. For selected samples, PCR amplicons of the correct sizes were gel-purified and submitted for sequencing by a third party sequencing service provider (First Base, Malaysia).
Borrelia sp. flaB gene sequences obtained were deposited in the European Nucleotide Archive (ENA, Studies Accession: PRJEB24155) and compared to existing sequences in NCBI GenBank using the BLASTn program. Primer-trimmed sequences of Borrelia sp. flaB genes were aligned using CLUSTALW, as implemented in MEGA6 (Tamura et al. 2013) . Phylogenetic relationships of the Borrelia sp. in this study and other existing Borrelia sp. was inferred using the Bayesian Markov chain Monte Carlo method implemented in BEAST version 1.8.3 (Drummond and Rambaut 2007) .
Results
Borrelia flaB was detected in 72 out of 156 of all ticks examined in this study; all positive samples were I. granulatus. None of the Dermacentor sp. and Amblyomma sp. ticks were PCR-positive for Borrelia. In Hulu Perdik, 3 out of 11 (3/11) female I. granulatus were positive. In Sungai Congkak, 2/3 male and 28/39 female I. granulatus were positive. In Ulu Yam, 1/3 male and 29/38 female I. granulatus were positive. In Kampung Sungai Semungkis, 0/1 male and 9/34 female I. granulatus were positive. In this study, 42 animals across the four sampling sites were recorded to have tick infestations. Fifteen of these tick-infested animals carried I. granulatus that were Borrelia PCR-positive (Table 1) . The majority (10/15) of these animals were the Muller's giant Sunda rat, Sundamys muelleri. The other animal hosts were Maxomys whiteheadi, Leopoldamys sabanus, and Rattus rattus. Many of the animals had multiple individual I. granulatus that were Borrelia PCR-positive.
Of the 72 positive samples, 13 representative samples unique for the animal host species and tick gender for each sampling site were selected for further analysis of the partial flaB gene sequence ( Table 2) . As Sungai Congkak had multiple tick-infested S. muelleri, samples from more than one individual hosts were also selected (host ID 289, 294, 425) . Samples 289-SC001 and 289-SC009 were collected from the same rodent individual (host ID 289). Samples 425-SC001, 425-SC004, and 425-SC009 were collected from a different rodent individual (host ID 425). A BLASTn search using the partial flaB sequences on the NCBI GenBank database revealed 94% to 100% similarities to a number of LD group borreliae, including Borrelia yangtzensis, Borrelia valaisiana, Borrelia garinii, and Borrelia japonica.
Pairwise sequence comparison based on 517 nucleotide positions (Table 3) showed that the uncultured Borrelia sp. in this study were 97 to 100% similar to each other. The partial flaB sequences from 289-SC001 and 289-SC009 were 100% identical. The sequences from 425-SC001, 425-SC004, and 425-SC009 were only 97.8-99.8% identical with each other. These samples were 98.2-100% similar to B. yangtzensis (QSYSP3 and QTMP2 isolates), and 96.4-97.6% similar to B. valaisiana (VS116 and Am501 isolates).
Bayesian-inferred flaB phylogeny ( Fig. 1) showed that the uncultured Borrelia sp. in this study clustered with various strains of B. yangtzensis (QTMP2, QSYSP3 and QX-S13) and B. valaisianarelated genospecies (OS66/01 and CMN1b) from China and Japan in a clade separated from B. valaisiana from Europe and Japan (Am501, VS116, T107-7-02 and Nr231, posterior probability = 1). All Borrelia sp. detected were closely related to B. yangtzensis and B. valaisiana-related genospecies regardless of the different animal host species and sampling site they came from. There was no apparent clustering based on the sampling sites. However, nearly all Borrelia sp. detected in ticks collected from Sundamys mulleri, except for 294-SC002, were clustered together in a large clade closely related to B. valaisiana CMN1b, B. yangtzensis QTMP2, B. yangtzensis QSYSP3, and B. yangtzensis QX-S13. Two samples (289-SC001 and 289-SC009) from an individual host, host ID 289, were clustered together (posterior probability = 0.99). However, three samples (425-SC001, 425-SC004, and 425-SC009) from another invidiual host, host ID 425, were separated into different clades. 425-SC001 was separated from 425-SC004, which appeared to be more closely related to B. valaisiana CMN1b, 434-HP003 and 234-UY001. 425-SC009 was positioned in a completely different clade more closely related to B. yangtzensis QX-S13. 
Discussion
This study reported the molecular detection and phylogenetic analyses of a Borrelia sp. from I. granulatus ticks collected from wild rodents trapped in three separate recreational forests and a single semiurban residential area in Malaysia. I. granulatus is one of the most common and abundant tick species found on rodents in Asian countries, including Malaysia (Che Lah et al. 2016) . Being a three-host tick, I. granulatus may serve as a potential vector for the transmission of zoonotic infections, as it has been shown to carry a number of bacterial agents including Borrelia and spotted fever group Rickettsia, which can cause human diseases (Kollars et al. 2001 , Graves and Stenos 2003 , Chao et al. 2010 . I. granulatus, especially the larvae, is capable of biting humans, making it possible to transmit zoonotic agents to humans (Paperna 2006) . In this study, a Borrelia sp. was detected in more than half of the I. granulatus ticks examined from all the sampling locations. Sequence analysis, including phylogenetic analysis based on partial flaB sequences confirmed that the Borrelia sp. detected belonged to the same clade as B. yangtzensis (previously known as a B. valaisiana-related genospecies), in a clade distinct from B. valaisiana strains reported in Europe and Japan. B. yangtzensis is a recently reported novel Borrelia genospecies commonly associated with rodents and I. granulatus ticks from East Asian countries such as China, Taiwan and Japan (Chao et al. 2010 , Margos et al. 2015 . It was initially reported as B. valaisiana or B. valaisiana-related genospecies in these countries, such as for the OS66/01 and CMN1b strains, until further genetic characterizations distinguished it as a separate genospecies from B. valaisiana from Europe and Japan (Margos et al. 2015) . Evidence for B. yangtzensis infections in humans have been documented in clinical case reports from Japan and China, suggesting the zoonotic potential of this particular genospecies (Saito et al. 2007 , Ni et al. 2014 , Margos et al. 2015 . Clinical features of B. yangtzensis infections include erythema migrans, fever, chills, and athralgia, similar to the clinical features of LD caused by other LD group Borrelia genospecies (Saito et al. 2007 , Ni et al. 2014 . This is the first report of the presence of a Borrelia similar to B. yangtzensis in a Southeast Asian country, suggesting that these genospecies may not be limited only to East Asian countries. Since the etiological agent for past known borrelial infections in Malaysia is still unknown (Tay et al. 2002) , the possibility of B. yangtzensis or the presently detected Borrelia sp. being the cause of such infections merits further investigation.
As the Borrelia sp. in this study was detected in ticks from rodents found in recreational forests and semiurban residential area, there is a chance of the exposure of humans visiting the forests for recreational activities or inhabiting the residential area. Furthermore, the recreational forests are also frequented by the indigenous communities nearby as they forage for jungle produce and hunt for wildlife to supplement their income and diet. Therefore, there may be a risk of Borrelia infections among these indigenous people due to the close contact with wild rodents and the ectoparasites. Seroprevalence studies conducted by our laboratory have shown that the indigenous people were exposed to borrelial infections, although the etiological agent is unclear (manuscript in preparation).
As the female ticks used here were engorged with the host animal blood, there is a likelihood that the Borrelia sp. detected orginated from the rodent host. The sequence and phylogenetic analyses here showed that some Borrelia sp. detected from ticks from the same rodent individual (host ID 289) may be identical, suggesting that they could have originated from the host blood. However, other samples collected from a different rodent individual (host ID 425) did not cluster together, and therefore, it cannot be concluded that the borrelial strains originated from the host blood. Further studies using nonengorged or questing ticks at different life stages, together with surveillance of the bacteria in the animal hosts, will be necessary to determine the capacity of I. granulatus in maintaining the enzootic transmission cycle of the Borrelia sp. among rodent hosts.
There is no report of Borrelia infection in S. muelleri, M. whiteheadi, and L. sabanus known to the authors to date. Borrelial infection has been reported in rodents from the Rattus genus including R. rattus, and they are likely to contribute to the transmission of LD borrelieae (Kosoy et al. 2015) . Our findings suggest that S. muelleri is the most heavily implicated animal species for hosting ticks that are borrelial PCR-positive. It is possible that the borrelial species here originated from the rodent itself, which is suggested by the clustering of almost all Borrelia sequences in ticks from this animal species into the same clade in the phylogenetic tree despite having sequence variations within the clade. S. muelleri is known to have high ectoparasite burden, and therefore could potentially contribute to the spread of the tick vector and any associated zoonotic agents (Paramasvaran et al. 2005) . Since these wild rodents are commonly found in forested areas near human habitats, the risks of these animals in transmitting borrelial agents to humans need to be further investigated.
We were unable to cultivate the bacteria from ethanol-preserved ticks; therefore, thorough investigation in the pathogenicity of this borrelial strain was not performed. Borrelial infection is rarely reported in Malaysia and the surrounding Southeast Asian countries, with no well-documented clinical cases known to the authors at time of writing. It is imperative to expand the surveillance for Borrelia sp. among greater numbers of ticks, animals and humans, and to different geographical regions in the Southeast Asia, in order to determine the risk of Borrelia infections among humans in this region, and to further investigate the zoonotic potential of the currently detected B. yangtzensis-related species.
